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1.    INTRODUCTION 

1. 1   Background 

It is well knov/n that many of the characteristic magnetic properties 
of a ferromagnetic material are strikingly influenced by the state of mechan- 
ical stress of the specimen in question. '*'   It is therefore  natural  io  inquire 
■.vl.jther the stress dependence of some conveniently measurable magnetic 
parameter of such a rr. .terial might not be made the basis of a practical 
method of quantitatively determining its state of mechanical stress.    Sugges- 
tions along this line have by no means been lacking,  having been made at least 
as early as 1922. (2)   Of the numerous subsequent efforts to reduce such 
suggestions to practice,  the work of Foerstt-r and Stambke^' may be taken as 
representative.    There are three major circumstances which render this 
objective difficult   )f attainment.    First,  there is the question of what param- 
eter is to be measured,   i.e. ,  what feature or features of the initial magne- 
tization curve or of the hysteresis loop are most sensitive to,   or vary most 
conveniently with,  the state of mechanical stress.    Second,   it proves quite 
difficult in practice to make an accurate absolute measurement of a magnetic 
parameter of a specimen cf complex geometry.    Finally,  the present state of 
our knowledge of *he relation between the measurable magnetic parameters 
of a material,   on the one hand,  and its detailed metallurgical characteristics, 
on the other,   is not sufficiently developed to enable us eaaily and reliably to 
distinguish the effects of mechanical stress from,   say,  compositional or 
structural influences.    Consequently,   stress measurement by magnetic means 
is presently seldon undertaken,  and then ordinarily only in a comparative 
sense and under conditions where other pertinent parameters can be assumed 
invariable.    Nevertheless,   in view of the technical importance of controlling 
both applied and residual stress in ferromagnetic materials (particularly high 
strength steels),  and considering the present lack of satisfactory means of 
so doing,   there is considerable incentive to try to o\ercome the difficulties 
associated with the magnetic approaches. 

In 1964, Leep suggested that measurements of the magnetic Barkhausen 
effect might afford a useful alternative to the measurement of parameters 
associated with the technical hysteresis loop,   and reported some tentative 
experimental attempts to measure stress by means of the Barkhausen effect. **' 
The term "Barkhausen elfect" (so called for its disc  verer^)) refers to abrupt 
irreversible changes in the state of magnetization o   JI specimen,  during which 
the rate of change of magnetization (resolved in a reference direction) greatly 
exc^ads the mean rate of change of the bulk magnetization of the specimen 
as a whole.    (This definition must be appropriately extended; vide infra. ) 
Such virtually discontinuous "jumps" in magnetization are now known to be 
due principally to abrupt irreversible movements of mobile boundaries 
separating small subregions (called domains) of a macroscopic specimen. 
Each such domain is at all times very nearly magnetically saturated; an 
unmagnetized macroscopic specimen comprises a great number of such 



donuiins, the magnetizationof which varies in direction in a more or less 
random way,  with the result that the average bulk magnetization is zero. 
Barkhausen jumps are also associated with the nucleation and sudden growth 
of such domains.    Such magnetization jumps may be induced by an externally 
applied field,  by raising the temperature of the specimen,  or by the applica- 
tion of a mechanical stress. 

Work subsequent to that of Leep,   reported by Donaldson and Pasley'b', 
confirmed the general stress dependence of ihe Barkhausen effect,   and resulted 
in the realization of crude but practical instrumentation based upon this 
stress dependence. ^)   The work of Leep and Pasley was largely intuitional 
and empirical; their instrumentation,  while effective and free of certain of 
the inconveniences of preceding magnetic methods of stress measurement, 
is nevertheless limited by the fact that it is based on a phenomenon for which 
a satisfactory foundation at the level of first principles has not yet been laid. 
With this in mind,  the present series of investigations was undertaken 
specifically to try to clarify experimentally the manner in which a mechanical 
stress influences the dynamics of magnetic domains (including especially 
Barkhausen jumps),  and to do so in such a way that basic theories of the 
process can be critically tested. 

Since its discovery in 1917,   the Barkhausen effect has been extensively 
investigated,  although systematic and rigorous quantitative results have 
frequently been lacking.    No attempt is made in this report to cite all pertinent 
literature; a comprehensive critical review of the literature on the Barkhausen 
effect through 1965 has been presented by Stierstadt. ^' 

1. 2   Objective and Scope of the Present Investigation 

The aim of the program reviewed here is to establish a sound and 
adequate physical basis for the exploitation of the stress dependence of the 
Barkhausen effect as a means of measuring applied and residual stresses in 
articles made from ferromagnetic materials.    With this objective in view, 
we are currently pursuing two related lines of investigation.    On the one hand, 
we are employing the Kerr magnetooptic effect to study the effect of an applied 
uniaxial stress upon both the statics and dynamics of magnetic domains in 
metallurgically simple specimens,   principally single crystals and lar^v grain 
polycrystalline specimens of silicon-iron.    The Kerr effect affords a means 
of optically imaging the superficial domain structure and studying it either 
by means of still or motion picture photography,   or by photometric technique". 
On the other hand,  we are also employing the more conventional approach 
wherein Barkhausen jumps are sensed indirectly through the influence of 
their associated magnetic field variations upon a nearby induction coil.    These 
investigations have not yet been brought to a definitive st'.ge; this report is 
therefore intended as an interim progress report covering the work performed 
in Phase II of the program.    Related investigations have been and are being 



conducted by various workers (principally in Europe),   the most comprehen- 
sive research being that of Stierstadt and coworkers. '9/ 

' • ^   Brief Summary o£ Accomplishments of Phase II 

The major part of the effort of Phase II was devoted to perfecting the 
apparatus and experimental technique required to perform photometric and 
cinematographic studies of dynamical magnetic domain processes as revealed 
by the longitudinal Kerr magnetooptic effect.     The technical problems 
encountered in this aspect of the work proved to be somewlAt more difficult 
than originally anticipated,   and a correspondingly greater portion of the total 
technical effort was expended in solving them.     However,   the expended effort 
did result in a satisfactory solution of the problems encountered,  with the 
result that high quality still and (low speed) motion pictures of domains were 
obtained,  analysis of which has already begun >.o cJa/ify the fundamental role 
which the rrechar.ical strens field play^ in the Bark: ausen effect.     Moreover, 
the problems Ci instrumentation and techniques requ'red for photometric 
studies of the Barkhausen effect were largely solved,   and some preliminary 
results obtained.    It is therefore anticipated that the various magnetooptic 
techniques will now rapidly yield the experimental results for which they have 
been developed. 

In addition to the magnetooptic effort,   progress was made in using 
the inductive coil approach to study the Barkhausen effect.    In particular, 
cylindrical specimens of polycrystalline silicon-iron suitable for use in the 
(previously designed and fabricated) nonmagnetic uniaxial stress fixture 
were designed and fabricated. .Further,  a bias field solenoid capable of 
accommodating these specim^pi and their corresponding search coils,  and 
ccpable of being uaed with the specimens while they are in the stress fixture, 
was designed and fabricated.    The entire arrangement was given a preliminary 
test,   and operational difficulties identifier..    Preparations were made for the 
incorporation of a multichannel pulse height analyzer into the data acquisition 
system.    The pulse height analyzer vas not available during Phase II,   but is 
available at the present time and is scheduled for use early in Phase III of 
the program 

Apart from the experimental work,   further progress in establishing a 
theoretical framework adequate to account for our observations was made. 
Selected preliminary results of the work performed during Phases land II of 
this program were presented in a short paper at the April  1970,   meeting of 
the American Physical Society,   held in Washington,   D. C. '*"' 

1. 4   Organization of Phase II Final Report 

The remainder of this report comprises:   (1) a brief summary of the 
theory of the magnetoelastic interaction; (2) a detailed report of the work 
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performed in Phase II using the Kerr magnetooptic effect for sensing magnetic 
domains and dynamical domain processes; (3) a detailed report of the work 
performed in Phase II using the inductive coil method of sensing Barkhausen 
jump»; and,   (4) a summary of results and a survey of plans for the work to 
be performed in Phase III of the program. 
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2.    THErKETICAL CONSIDERATIONS 

2. 1   Introductory Remarks 

It is conventional to discuss the properties of ferromagnetic materials 
in terms of various parameters associated with the so-called technical 
initial magnetization curve and hysteresis loop characteristic of the material. 
Figure 1 shows such a graph in schematic form,  together with the definition 
of the customary parameters.    The smooth appearance of such graphs is due 
solely to the properties of the instrumemation used to determine them.    The 
implication of the discovery of the Barkhausen effect is that if variations in 
the bulk magnetization, M, are sufficiently well ^«»or.lvo^f  the corresponding 
graph would have the characteristic appearance depicted in Figure 2.    If an 
electronic signal proportional to the time rate of change of magnetic induc- 
tion of a coil inductively coupled to a specimen whose magnetization is 
varying periodically at a small but finite frequency,  fg,  is Fourier analyzed 
the corresponding power spectral density would be expected to have the 
characteristic features illustrated in Figure 3.    The general features of this 
figure havr indeed been verified. I**'   These remarks suffice to make it 
clear that to account theoretically for observed features of the Barkhausen 
effect,  one requires nothing less than a complete theory of the magnetization 
curve.    While impressive progress toward such a theory has been made, 
such a complete, validated theory does not in fact exist at present.    The 
ensuing precis of theory is necessarily restricted in scope to selected aspects 
which serve to place in context the experimental results subsequently dis- 
cussed. 

2. 2   Ferromagnetic Anisotropy and Magnetoelastic Effects 

The modern theory of ferromagnetism supposes that with each 
(magnetically active) crystalline lattice site there is associated an atomic 
magnetic dipole moment arising conjointly from the intrinsic spin and orbital 
motion of electrons.    Through the agency of a purely quantum mechanical 
exchange interaction,  these atomic moments are strongly coupled to one 
another,  the result being that at temperatures below a characteristic value 
(the Curie temperature),   the equilibrium state of the system is an ordered 
arrangement of these moments in which the net magnetic moment of the 
system is nonvanishing.    Further,  through the agency of interaction between 
the spin and orbital motion of each electron,  the energy of the ordered spin 
system is dependent upon the orientation of its net moment with respect to 
the crystalline lattice itself,   i. e., the energy of the spin system is anisotropic. 
In general,  the magnetic anisotrophy energy is a function of the lattice strain, 
with the consequence that the lattice spontaneously deforms (with respect 
to a theoretical state in which the magnetic interaction among atomic moments 
is switched off),  the equilibrium strain being determined by the conditions 
that the sum of the magnetic anisotropy energy and the elastic energy of the 
lattice be minimal.    Such deformation is termed spontaneous magnetostriction. 
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Figure 1.    Schematic diagram of the technical magnetization curve 
of a ferromagnetic material indicating the conventional parameters 
associated with the carve. 
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Figure 2.    Schematic representation 
of the appearance of a portion of 
the magnetization curve as revealed 
by instrumentation of sufficiently 
great sensitivity and resolution. 

Figure 3.    Schematic representation 
of the power spectral density of a 
signal V(t) produced in a wire coil 
inductively coupled to a ferromag- 
netic specimen undergoing cylic 
magnetization at frequency f  .    The 
frequency f    at which loss of signal 
occurs is determined by eddy current 
damping in the specimen. 
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Following Kittel and Galt(12)>   one can write for the strain dependent 
magnetic anisotropy energy density the expression 

Ek = Ek+ y/^l    e,; + .... (1) •sei- 
where the e^- are the components of the symmetric strain tensor.    The 
quantity E^ is the magnetocrystalline anisotropy energy density for the 
unstrained lattice,   and must therefore be consistent with the symmetry of 
the unstrained lattice.    The coefficients (dE^/de^-)    are called the magneto- 
elastic coupling constants,  and,   taken collectively,   must also be consistent 
with the symmetry of the unstrained lattice.    The higher order terms are 
unimportant for iron.     From these considerations,   and specializing to the 
case of cubic symmetry (as appropriate to iron),   it can be shown that E^ 
may be rewritten to sufficient accuracy in the form 

Ek = Kj(ä|"a| + Q|Q^ + a^Q5) + Blia\en + o^ezz + a^e^) 

+ 2B2(Q1Q2e12 + Q2a3e23 + Q3Qle3l) (?) 

where a^,  02,  and Q3 are the direction cosines of the magnetization with 
respect to the cube axes. 

Expressions relating the equilibrium strains of the lattice to elastic 
stiffness constants and the magnetoelastic coupling constants are obtained 
by minimik.ing the sum of E^ and the elastic energy of the lattice,  the result 
being* 

eP. =  ; (3a) 11       (Cn -C12)(C11 + 2C12) 

e^g   J: n (^ j) <3b) ij '44 

Upoh substitution of the foregoing strains into the right-hand side of 
Equation (2),   one obtains the result 

["•feM)J* *:k = I KM-—'—--^-] loH+ »H+ »!'!> 

+ (isotropic term) 

^Results differing from Equations (3a) and (3b) by numerical constants are 
given by some authors(13) who define the elastic stiffness constants by a 
different convention. 
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Thus,  apart from contributing an additive isotropic term (which is conven- 
tionally dropped),  the effect of the spontaneous magnetostriction is to shift 
the value of the anisotropy constant.    The resultant effective anisotropy con- 
stant is denoted by the symbol K^,  the measured value for which (in iron) is 
47 XIO"4 erg/cmM14) 

The relative change in the distance between two lattice points,   induced 
by a homogeneous strain field ejj,   may be shown to be 

-j- = Zeijßißj (4) 
M 

where ßi,   ß?,   and p? are the direction cosines of the (directed) line along 
which 6i is measured.    Hence,   the spontaneous linear saturation magneto- 
striction is obtained by evaluating the right-hand side of Equation (4) using 
the strains given by Equations (3a) and (3b): 

b* ■ßl -^«Z ... „2ft2 ... „2*2! 
"^Cn  -C12

(Qlßl^02ß2^3ß3> 

B2 -— (a1a2ß1ß2, + ajajß^j + a^ß^) 
^44 

2C12B1 
(Cn -C12)(C11 + 2C12) 

(5) 

Inasmuch as there does not exist a method of switching the ferro- 
magnetic interaction among atomic moments on and off*,  Equation (5) cannot 
be employed in a direct manner.    Since the value of the isotropic term on 
the right-hand side of Equation (5) is not susceptible to measurement,   it is 
conventional to replace it by the (also isotropic) term. Bi/3(Ci]  - Ci2),  and 
thence to define dimensionless magnetostrictive constants X-ioO an<^ Mil ^Y 
the relations 

2 Bl 
Moo = -3Cll.cl2 

(6a' 

Mu = -i<^ (6b) 

converting Equation (5) to the form 

♦It is possible to destroy the ordered magnetic state by heating the specimen 
above its Curie temperature.    This,  however,  affects both the magneto- 
elastic coupling constants and the elastic stiffness constants,  whose tem- 
perature dependence near the Curie points have not been independently 
established. 



y— j   - - ^100(alPl + a2ß2 + Q3P3 " J 

+ 3\11l(
ala2ßlß2 + alQ3ßlP3 + Q2Q3ß2ß3) <7) 

Here,   the prime signifies that (61/1)' is defined according to the stated con- 
verlion.    ^iQO may be interpreted as the relative change in length of a cube 
edje as the magnetization is rotated from a direction parallel to that cube 
edge to the direction of the cube diagonal,  the specimen being magnetically 
saturated.    The analogous interpretation of ^\\\ is obvious.    Experimental 
values of X.^^ and X-m for pure iron are(l-) 

MOO = +20. 7 X 10"6;    M 11 = -2 1. 2 X 10'6 

Thus,   for iron 

Mil = -xioo 

Accepting the experimental values for Cn,  Cjz,  and C44 given by Kimura 
and OhnoV1^), Bj andB2 turn out to be 

Bi = -2. 94 X ID-7 erg/cm3 ;   B2 = 7. 06 X 107 erg/cm3 

It is of prime importance to determine the contribution to the total 
energy density produced by a uniform uniaxial stress T applied to a specimen. 
If 7j,  72»  ancl Yj represent the direction cosines of the stress,   relative to 
the crystal axes,  then the elements of the symmetric stress tensor are 
Pj^ = Ty^)^ (T being taken to be positive for tension).    This stress distribu- 
tion induces the strains 

eij = TS^^fi * j);     ell = TlS^i + S12(7| +7^)1.   etc. 

where s^,   S12»   an<^ s^ are the nonvanishing,   independent elastic compliance 
constants for the cubic lattice.    Thus,   referring again to Equation (2),   the 
stress-induced magnetoelastic energy density is seen to be 

ET = TlBiS^ + Bl{Sn - Su){a\y\ + Q^ + a^) 

+ B2S44<alQ27lT2 + aZa3yZyl + a3al'y3'yi)l (8) 

Discarding the isotropic term on the right-hand side of Equation (8); eliminat- 
ing Bj and B2 in favor of MoO an^ Mil' anc^ using the approximation 
Mil - "^100»   Equation (8) for the stress-induced magnetoelastic energy 
density becomes 
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ET = -| TX10o[(af7? + ahl + QH> 

- Z^l^Z^l^Z + aZQ3^2'>'3 + a3Ql'>r3'Yl^ W 

For application to the analysis of specimens in which the magnetization M 
lies parallel toa[ lOOl type surface, liquation (9) further simplifies; upon 
setting a^ equal to zero,   one obtains the result 

ET = -f T^QO^iTi - a272)2 (10) 

For stresses within the elastic range of iron, I -j" TX-ioo' ^8 8niaH compared 
to the anisotropy constant Kj; hence.   M will always essentially lie along an 
easy axis regardless of the applied stress,  but will prefer th.  axis closest 
to the direction of tension (or,   conversely,   the easy axis most nearly normal 
to the direction of compression).    U the easy axis lying closest to the direc- 
tion of stress is taken as the x-axis,  and ^ is the angle between the two 
directions,  then E-p takes on one of the two forms 

(1) 3 —•■ 
Erp    = -■=• TX.100 C08^i        M parallel to x-axis (11a) 

^T    = "T^MOO sin2*J-;        M perpendicular to x-axis (Hb) 

2. 3   Magnetostatic Contributions to the Total Energy of a 
Ferromagnetic Specimen 

The interaction energy density Ej^ resulting from the application of 
an external magnetic field intensity Ha to magnetized body is given by 

EH = -~M -"Ha (12) 

M being the magnetic dipole moment per unit volume.    A magnetized body 
will in general itself produce a magnetic field; if the intensity of such a field 
is denoted by Hg,  the resultant magnetic self-energy density of the body EB 

is given by 

Eg    =     -J   M    •      Hg 

The evaluation of Eg for bodies of general shape and with complex distribu- 
tions of magnetization usually cannot be performed exactly,   necessitating 
approximation or numerical approaches.    Alternative (but equivalent) expres- 
sions for Eg in terms of distributions of fictitious magnetic poles are 
frequently used. 
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2. 4   Domains and Bloch Walls 

The self-field of a uniformly magnetized finite body is always such as 
to render its total self-energy positive.    A nonuniform distribution of magne- 
tization can be achieved only at the expense of raising the exchange energy 
and the anisotropy energy of the system.    In bulk ferromagnetic materials, 
it is found that adjacent regions with differing directions of M occur,  between 
which there exists a comparatively thin transition region termed a Bloch wall. 
Within the wall region,  and along a normal to it,  the direction of magnetiza- 
tion (or a certain component thereof) continuously rotates in successive planes 
until it rotates through 180°.    If the entire magnetization is affected,  the result 
is a complete reversal of the direction of magnetization in passing through the 
wall,  and the total magnetization is parallel to the wall on both sides of and 
through the wall.    In iron (as well as some other materials) it also happens 
that walls may form the plane of which is at 4^ with respect to the direction 
of magnetization,  with only the component of M parallel to the wall reversing 
its direction in passing through the wall,  the normal component remaining 
unchanged.    Thus,   such a wall separates regions in which the respective 
directions of magnetizations are perpendicular; such walls are termed 90° 
Bloch walls.    The theory of Bloch walls is well developed*   '' but cannot be 
reviewed here even cursorily.    For present purposes,  it need only be staled 
that the energy per unit surface area of 180° walls turns out to be 2(AK1) 
where A is the exchange energy density and Kj is the magnetocrystalline 
anisotropy constant.   For 3.85 percent Si Fe,  this was the valued18) 

E^. £1.4 erg/cm 

The surface energy density of 90° walls is presumably one-half this value: 

ETT = 0. 7 erg/cm2 

2 

Regions of a specimen bounded by Bloch walls,   and within which the 
magnetization is essentially uniform,  are called domains.    A nominally 
"demagnetized1' bulk specimen comprises ä number of domains whose volumes 
and directions of magnetization vary in a more or less •'random" fashion so 
that the net magnetic dipole moment of the specimen is minimal.    The size, 
shape,  and arrangement of domains in a bulk specimen depends upon the size 
and shape of the specimen,   its crystallographic state,   the magnitude and 
direction of any externally applied magnetic field,   and,   finally,  the applied 
and/or residual stress field to which the specimen in subject. 

2. 5   Domain Wall Movement and Barkhausen Jumps 

When an external magnetic field is applied in a quasistatic manner 
to an initially nominally demagnetized iron specimen, the initialmagnetization 
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process consists primarily of the growth in volume of favorably oriented 
preexisting domains at the expense of less favorably oriented ones.    This 
takes place mainly through the displacement of 180* Bloch walls.    As the 
magnetization progresses,  more complex processes begin to contribute; 
these include the movement of 90* Bloch walls,  the nucleation of new walls, 
the mutual annihilation of pairs of walls,  and the disappearance of walls 
swept to the surface of the specimen.    As the state of magnetization of the 
specimen approaches technical saturation,  the domain structure is simplified; 
mobile walls are essentially eliminated; any remaining walls are essentially 
fixed in their configuration.    A further increase in magnetization is achieved 
mainly through the rotation of the magnetization against the internal anisotropy 
forces.    Barkhausen jumps occur chiefly (but not exclusively) in association 
with the movement of i80o walls.    The mobility of such walls is determined 
principally by the manner in which the total magneto static energy of the 
specimen varies with wall movement.    This in turn depends upon the size 
and shape of the specimen,  and its detailed metallurgical structure.    Magneto- 
crystalline anisotropy and magnetoelastic effects  plays  a  important role in 
governing the overall domain structure energetically accessible,  but are 
thought to be less important than magnetostatic effects in determining the 
mobility of preexisting domain walls (excepting the case of specimens essen- 
tially free of voids or inclusions).    In the simplest conceptual model,   irre- 
versible movements of domain walls are presumed to occur as a consequence 
of the total energy of the specimen being  a  nonmonotonic  function of wall 
displacement,   i. e. ,   stable positions of a wall exist at energies above that 
corresponding to the nominally demagnetized state of the specimen.    In 
approaching such a stable position,  a wall must be moved over a potential 
barrier,   at which point it "spontaneously" moves to the stable position (local 
energy minimum).    In electrically conductive ferromagnetics,   the kinetic 
energy of the spontaneously moving wall is dissipated through the induction 
of localized eddy currents.    Such wall potential models are inadequate to 
describe irreversible processes which involve the nucleation and growth of 
complex configurations of closure domains as a moving primary wall intercepts 
imperfections such as voids or nonmagnetic inclusions. 

The irreversible processes accompanying wall motion are intimately 
related to the defect structure of the region of the crystalline lattice through 
which the wall is moving.    Voids,   foreign matter inclusions,   dislocations, 
clusters of point imperloctions,   and mechanical stresses may influence wall 
motion.    Of these,  the effect of voids and nonmagnetic inclusions art presently 
reasonably well understood.    The effect of point imperfections and disloca- 
tions has received theoretical attention,  but few predictions of existing 
theories have been experimentally tested in any crucial sense.    The situation 
in regard to single crystals has recently been reviewed by Träuble. "'• ^"' 

Mechanical stresses affect domain wall dynamics in two senses.    In 
the first place,  the surface energy density of a wall depends upon the effective 
local magnetocrystalline anisotropy constant Kj,  which is stress dependent. 
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Secondly,   the creation of a preferred cubic axis by a nonisotropic stress 
tends to induce the movement of 90* walls so as to minimize the total magne- 
toelastic energy,   i. e. ,   so as to le we the magnetization along the axis of 
lowest energy.    The case of polycrystalline materials is further complicated 
by the existence of grain boundaries and the effects of crystalline misallign- 
ment. 

A theory of irreversible processes in ferromagnetic material adequate 
to account quantitatively for the detailed features of the Barkhausen effect 
does not yet exist.    Such a theory must account for:   (1) the distribution of 
both magnitude and direction of rapid irreversible magnetization changes 
AM; (2) the complete temporal course of the magnetization jumps, (3) the 
coupling between magnetization jumps.    These must be explained in terms 
of the metallurgical characteristics of the specimen,   its geometry,   and Us 
state of mechanical stress. 
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3.     MAGNETIC DOMAIN STUDIES BY  MEANS OF THE KERR 
MAGNETOOPTIC EFFECT 

3. 1    Experimental Method 

Use of the longitudinal Kerr magnetooptic  effec t  for the observation 
of magnetic domains was first described in   1 954 by Fov. ler and Fryer. (^ '' 
Since that time,   the technique has become  relatively v. ell developed and has 
been used extensively in recent years.     In general,   the  Kerr magnetooptic 
effect refers to the  influence of magnetization on a linearly polarized light 
beam reflected from the surface of a magnetic  specimen.     Three  Kerr effects- 
polar,   transverse,   and   longitudinal   are distinguished,   depending on the 
disposition of the magnetization  relative to the plane of the  reflecting  suriace 
and the plane of incidence of the  light beam.     The polar effect pertains to 
the case where the magnetization  is  normal to the  reflecting  surface.     For 
the other two effects,   the magnetization vector lies in the plane of the 
reflecting surface.     The transverse effect depends on the magnetization 
component perpendicular tc the plane of incidence and involves a variation 
in the component of light polarized in the plane of incidence.     The longitudinal 
effect depends on the magnetization component parallel to the plane of incidence 
and gives rise to a small additional component (Kerr component) in the 
reflected beam,   lying in the plane orthogonal to that of the normal reflectance 
component,  as illustrated in Figure 4.     Magnetization components lying in 
the surface but having arbitrary directions with respect to the plane of 
incidence will,   in general,   result in a combination of transverse and longi- 
tudinal effects; however,   the transverse effect can be eliminated by polarizing 
the incident beam perpendicularly to the plane of incidence.     This ir the 
situation that prevailed in the experiments reported here. 

As indicated in Figure 4,   the Kerr com     nent in the  reflected beam 
is  slightly shifted in phase relative to that of the normal  reflectance component. 
Thus the  reflected beam is elliptically polarized with the major axis of the 
polarization ellipse rotated through an angle 0^ with respect to the original 
polarization direction,  the sense of rotation depending on the magnitude of the 
magnetization component parallel to the plane of incidence.    Therefore,  as 
illustrated in Figure 5,   rays reflected from localized regions (magnetic 
domains) of oppositely directed magnetization have their polarization rotated 
in opposite senses.    A polarization analyzer set to extinguish rays whose 
polarization has been rotated in one sense will transmit a small amount of 
light whose polarization has been rotated in the opposite sense.    Thus,   the 
image formed by the reflected beam will contain regions of differing bright- 
ness corresponding to the variation in magnetization direction among the 
domains.    Since the amount of rotation depends upon the i. ion com- 
ponent parallel to the plane of incidence,   it is possible in principle to dis- 
tinguish between varying relative magnetization directions of less than 180*. 
In practice,   however,  this is somewhat difficult to accomplish because of the 
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Figure 4.    Longitudinal Kerr magnetooptic effect.    The incident 
beam in polarized perpendicularly to the plane of incidence. 
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Figure 5.    Observation of magnetic domains using nal 
Kerr magnetooptic effect.    The polarization analyzer extinguish- 
es ray Rj. 
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very  small Kerr rotations involved (about 4 minutes of arc for saturated 
iron(22)t   an(j because of the nearly-crossed conliguration of polarizers 
required to achieve optimum contrast.    However,   by making use of high- 
quality optical components and an intense,  well-collimated laser light 
source,  we have obtained sufficiently high image contrast to resolve rela- 
tive magnetization directions of ^0* as well as  180*. 

The basic experimental arrangement used for the observation of 
magnetic domains by the longitudinal Kerr magnetooptic effect is illustrated 
schematically in Figure 6.     Lasers used during the course of the experi- 
ments included a pulsed argon laser (4880A and 5145A) with an average 
power of 6 mW, and a continuous-wave 6-mW He-Ne laser {6328A).     The 
polarizer and analyzer were Glan-Thompson prisms,  with a length of 14-mm 
and a 10-mm square aperture. 

1 ,  i 

\ 

< 
KUHit«          /tV 

^ 
0*j|CT..t   LI«« 

^ 

^ 

Figure 6.    Schematic of longitudinal Kerr magnetooptic effect 
domain observation system.     The analyzer is located at the 
focal point of the viewing objective in order to view the 
entire specimen surface. 

3. 2    Preliminary Exercises with Thin Films 

Since the magnetooptic experiment involves reflected polarized light 
at a large angl» of incidence (for our arrangement,   the maximum Kerr 
rotation occurs at angles of incidence in the neighborhood of 60*) and 
extremely small light intensities at the final image plane,   the specimen 
surface optical quality is of great importance.    The requirement is for a 
very flat,   scratch-free,  highly reflective surface.    Surface cold work strains 
must be removed so that the domain pa vern representative of the bulk 
specimen is observed rather than the "n aze" pattern associated with residual 
surface stresses. "•''   In view of the (previously reported) difficul ies 
encountered during Phase I in attempting to observe domains in bulk Fe-Si 
specimens,  thin film specimens vacuum deposited on glass substrates were 
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used initially to permit the apoaratus to be "tuned up. "   These materials 
generally meet the above requirements and provide good magnetooptic speci- 
mens.    Specimens of permalloy (Fe-Ni) were obtained with thicknesses 
ranging from 300 A to 1600 A.    After careful alignment and choice of optical 
components,  domains were visually observed and photographed,  as shown in 
Figure 7a. 

Although the laser provides an intense,  well collimated light beam 
nicely suited for this experiment,   its coherence presents a problem in that 
any imperfections in the optical components,  or in the specimen surface, 
generate diffraction and concomitant interference patterns which show up 
as "noise" in the recorded image,  as illustrated by Figure 7a.    However, 
experimentation showed that this problem could be largely overcome by 
introducing a rotating diffusing wheel into the incident beam.    A transparent 
plastic disc thinly coated with a clear acrylic   spray and rotated about its 
axis by means of a small motor proved suitable for this purpose.    The 
diffusing disc randomly phase corrugates the laser beam wave front,  and, 
if rotated at a speed fast with respect to the observation time,    the inter- 
ference patterr s in the final image are effectively reduced by time averaging. 
The effect can be quite dramatic,  as illustrated in Figure 7b, where domains 
at the edges can be readily observed. 

Following the success in observing domains in thin xilms, various 
attempts were made to improve the experimental technique.    Several methods 
of preparing the diffusing disc were tried; the disc was sprayed while 
stationary and while rotating with various amounts of clear acrylic spray. 
The acrylic spray was also smeared on by hand.    It was found that too heavy 
a coating of acrylic spray would reduce the light intensity too much, whereas 
too little acrylic spray would not sufficiently reduce the noise.    So it was 
necessary to strike a balance between the two extremes; spraying with the 
wheel rotating gave the most satisfactory results.    It was found necessary 
to polarize the incident beam after diffusing to ensure that the beam impinging 
on the specimen would be adequately polarized.      The effect of changing 
the angle of incidence was also investigated.    A decrease in angle from 60* 
to 45* resulted in a slight (but noticeable) decrease in contrast, whereas 
lowering the angle to 15* brought about a relatively large decrease in con- 
trast.    For most of the experimental work,  the angle of incidence was 
adjusted to approximately 60* to provide optimum contrast, 

3. 3   Initial Results on the Single Crystal 

Figure 8 shows the results of an initial attempt to observe domains 
on the single crystal specimen of Fe-3% Si.    As is evident,  even with the 
diffusing disc,   there is a substantial amount of "noise, " resulting in a 
very grainy image.    At this point in time, the specimen hid been mechanically 
polished and electropolished using procedures described by other workers(24). 
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Figure 7a.    Domains in a 77% Ni-23% Fe thin film 1600 Ä thick and 
1 cm in diameter.    Angle of incidence 60"; no diffusing disc. 

Figure 7b.    Domains in a 77% Ni-23% Fe thin film 1600 Ä thick and 
1 cm in diameter.    Angle of incidence 60°; with diffusing disc. 
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Figure 8. Magnetooptic observation of (100) surface of a 3% Si-Fe single 
crystal showing large amount of optical noise due to inadequately pre- 
pared surface. 

although the surface appeared to the naked eye to be highly reflective,  various 
imperfections (such as corrugation of the surface and a large number of 
small pits) could be observed under oblique lighting and microscopic examina- 
tion.    An attempt was made to overcome the noise problem by optical spatial 
filtering techniques. (25)   Since the image noise resulting from surface 
imperfections is independent of the domain pattern,  the procedure tried 
was to construct a Fourier amplitude filter of the noise with the specimen 
magnetically saturated (no domains).    Insertion of the filter in the Fourier 
plane of the reflected beam should,   in principle,  mask out the "noise" part 
of the spatial frequency spectrum while allowing the domain image to come 
through.    In practice,  the procedure proved to be quite difficult and was 
abandoned after several unsuccessful attempts. 

3. 4   Specimen Preparation and Observation of Domains 

It became clear that,   in order to carry out the proposed experiments 
on the single crystal,  drastic improvements would have to be made in the 
quality of the surface.    After some discussion regarding surface preparation 
techniques and metallurgical consultation,  it was decided to try mechanical 
polishing of the surface followed by a vacuum anneal to remove cold-working 
strains,  omitting any electropolishing.    It was found that polishing with 
alumina grit resulted in a flat surface substantially free of undulations and 
scratches,  although small surface pits persisted.    The surface quality was 
sufficiently improved,   however,  to enable observation of domains in the 
single crystal.    Figure 9 shows the first photograph of the domains observed 
in the Fe-3%Si single crystal specimen.    Efforts to improve the surface 
quality with longer polishing times using successively finer alumina grit were 
unsuccessful,  the persistent pitting resulting in an unacceptable degradation 
of the magnetooptic image.    After considerable effort and experimentation, 
it was found that polishing with diamond grit gave a very good,   substantially 
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Figure 9.    Magnetic domains observed magnetooptically on a (100) surface 
of a 3% Si-Fe single crystal after mechanical polishing with alumina 
and vacuum annealing.    Width of striped domains is about 3 mm. 

pit- and scratch-free surface which,   after vacuum annealing,   resulted in 
an unusually high-contrast domain image,  as depicted in Figure 10. 

An expanded optical field of view encompassing the entire specimen 
surface was obtained by expanding the incident bea.n and placing the analyzer 
prism immediately before the focal point of the objective lens.    The contrast 
obtained is especially striking when account is taken of the tact that the sur- 
face has not been "bloomed" with a contrast-enhancing dielectric coating. ""' 
Such coatings have been used by other workers to improve the domain con- 
trast (at the expense of image brightness) by causing a reduction in magnitude 
of the normal reflectance component of the reflected beam by means of 
destructive interference.    Since our experiment involves stressing the 
specimen,   it was thought that such dielectric coatings might result in 
inhomogeneous surface stresses,  and therefore have not been used thus far. 
Due to a tendency for the highly polished,   clean surface to rust when exposed 
to ambient conditions during the experiment,   it may prove necessary to 
protectively coat the surface. 
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Figure 10.    Magnetooptically observed domain patterns on a (100) surface 
of a 3% Si-Fe single crystal after mechanical polishing with one micron 
diamond and vacuum annealing.    The entire 1 X 3-cm face of the 
specimen is observed. 

The final specimen preparation procedure producing the best results 
is as follows:   first,  a mold with a cavity to accept the specimen was made 
of dental plastic.    A ring of stainless steel tubing was embedded in the mold 
around the specimen cavity in order to minimize edge rounding during the 
polishing operation.    The single crystal specimen was held within the cavity 
during polishing by a low melting temperature wax.    After mounting,  the 
specimen was faced on 600 grit SiC paper,  then with 6-micron diamond on 
nylon cloth with methanol as a lubricant,  and finally with 1-micron diamond 
on Hnt-free cotton with methanol as a lubricant.    The surf ce produced was 
flat and substantially scratch- and pit-free,  but with a heavily cold worked 
surface layer which prevented the observation of bulk domains.    The crystal 
was then carefully cleaned in an ultrasonic agitator,  placed in an alumina 
boat and annealed in a dynamic vacuum of better than 10"5 torr at SOO'C. 
This temperature was chosen to be above the Curie temperature,  below the 
a - 7 transformation temperature and sufficiently high to ensure complete 
annealing.    The specimen was heated to the annealing temperature over about 
a 4-hr period,   held at SOO'C for 2 hr and then allowed to cool to room tem- 
perature at the cooling rate of the closed furnace.    The cool-down period 
was about 12 hr.    When not in use,  the specimen is stored in a dessicator 
because of the strong tendency for corrosion. 

3. 5   Static Photographic Studies of the Effect of Applied Magnetic Field 
and Mechanical Stress 

The domain pattern displayed in Figure 10 is that of the demagnetized 
specimen,  that is,   the overall bulk magnetization is zero.    During the course 
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of several months,  the surface of the specimen was refinished several times 
according to the procedure outlined above,  with the same general pattern of 
Figure 10 appearing on re-examination.    Details differed from time to time, 
but the basic features rennained the same. 

In order to study the effects of an applied magnetic field and mec- 
hanical stress on the domain patterns,   provisions were made for simul- 
taneously changing the applied magnetic field and applying a uniaxial stress. 
A soft iron yoke C-electromagnet was constructed with pole tips machined 
to fit the specimen ends.    The pole pieces are allowed to slide on the 
armature shaft providing a means of applying stress to the specimen while 
maintaining a low reluctance contact through the close fit of the pole pieces 
and armatui e.    The : rmature coil consists of 2580 turns of No.  22 copper 
wire and provides an air gap field of approximately 900 Oe/amp.    Pole piece 
adapters were constructed to connect the magnet pole pieces to the chucks 
of the nonmagnetic uniaxial stressing fixture constructed in Phase I.    The 
arrangement was so designed that the stress would be uniformly applied 
parallel to a long edge of the rectangular specimen.    Figure 11 is a photo- 
graph of the assembly showing the stressing fixture,  the magnet,  and the 

Figure 11.    Electromagnet and specimen in stressing fixture. 

specimen contained within the pole pieces.    Figure 12 is a view of the entire 
experimental setup.    At the present time,  only application of compressive 
stress has been undertaken.    The problems involved in gripping the specimen 
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Figure 12.    Overall view of longitudinal Kerr magnetooptic 
effect domain observation system. 

during application of tensile stress so as not to cause damage have been 
reviewed and are expected to be solved during the next phase of the program. 

Current is supplied to the electromagnet by a bipolar programmable 
power supply.    A signal generator supplying a triangular waveform is used 
in conjunction with the power supply to vary smoothly and slowly the current 
through the magnet coil,  and thus also to vary the magnetic field applied to 
the specimen. 

Figure 13 shovs schematically the specimen dimensions and orienta- 
tion.    The observed suaface is nominally normal to a (100) direction,  with 
the other magnetically "easy" directions lying in the surface.    Figure 14a is 
a top view of the specimen surface.    The surface "easy" directions are 
oriented with respect to the specimen axis at angles of 55* and 35*,   respec- 
tively.    The specimen axis is 10* away from a (110\ type direction.    In 
Figure 14b,  the crystal axes are shown projected or a plane normal to the 
reflected beam; i. e.,  the plane on which the magnetooptic image is formed. 

Figure 15 shows the overall domain pattern observed on the surface 
of the nominally demagnetized specimen.    The largest domain widths are on 
the order of 3 mm,  or about the same as the thickness of the specimen, 
suggesting that these domains extend through the thickness of the crystal. 
This assumption is supported by the observation of closely similar domain 
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RECTANGIJLAR Fe-3% Si   SINGLE   CRYSTAL SPECIMEN 

(1001 

Figure 13.    Dimensions and crystallographic orientation of 
rectangular silicon-iron single crystal used in magnetooptic 
studies of magnetic domains. 

TOP VIEW OF SPECIMEN  1100) 
SURFACE 

PROJECTION OF CftTSTM. AXES ON A 
PLANE N0HMAL TO THE WIFLECTEO 
■EAM.  AMLE  OF INCIDENCE • 47.S* 

Figure 14a.    Relative orientation of 
the crystalline axes and the speci- 
men axis on the surface of the 
specimen. 

Figure 14b.    Projection of the crystal- 
line axes on the plane in which 
the magnetooptic image is formed, 
for an angle of incidence of 47. 5°. 
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Figure 15.    Demagnetized 3% Si-Fe single crystal domain pattern on a 
(100) surface.    The domain magnetization directions are 
indicated by arrows.    The entire specimen surface is 
viewed with the largest domain widths on the order of 3 mm. 

patterns on the reverse face of the specimen.    The appearance of "fir tree" 
domain patterns in this picture and in higher magnification Bitter pattern 
pictures indicate that the specimen surface is misoriented by about one 
degree with respect to a crystallographic (100)   plane.    The large V-shaped 
regions coincide with "easy" magnetization directions, whereas the walls 
most nearly parallel to the specimen axis are in a (100)  direction.    Because 
of the high anisotropy energy of Si-Fe,  the magnetization is essentially con- 
fined to "easy" (100)   directions, thus giving rise to 180* walls parallel to 
(100)   directions,  and 90* walls parallel to (110)  directions.    This inter- 
pretation is supported by a small but distinct contrast in image brightness 
which can be noted on careful inspection of the photographs.    Although more 
evident in other higher-magnification photographs which we have made, these 
brightness variations can be seen in this picture in the "checkerboard" area. 
So instead of just "black" and "white, " we also observe two distinct inter- 
mediate shades of gray.    Analysis of the Kerr effect indicates that such con- 
trast variations should be expected for the assigned magnetization directions. 
The four magnetization components parallel to the plane of incidence,  to 
which the longitudinal Kerr effect is sensitive,  differ in magnitude and direc- 
tion,  giving rise to the four domain shades observed here.    The relative 
brightness variations predicted from analysis of the Kerr effect for the 
particular specimen orientation we have agree with the foregoing interpre- 
tation of the magnetization directions. 

Figure 16 shows the effect of increasing the applied magnetic field 
along the specimen axis.    The most favorably oriented domains have increased 
in size,  primarily by movement of 180* walls.    The lower mobility of the 
90" walls parallel to the (110)   direction is evident.    One also notes the 
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Figur«  16.     The effect or magnetic domains in a 
3% Si-Fe single crystal caused by a magnetic 
field applied along the soecimen axis.    From 
top to bottom,   the applied fields i'or successive 
frames are approximately:    0 Oe,   3 Oe,   6 Oe, 
9 Oe,   12 Oe. 
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beginnings of stripes in the other (110)   direction,  and near saturation,  the 
specimen is almost completely taken over by the stripes.    Visual examina- 
tion of the dynamic magnetization process and the contrast between these 
stripes suggest that these are domains separated by 90* walls.    The inequality 
of the width of alternate domains is interpreted as being due to the fact that 
the "easy" (100)   directions are not symmetrically oriented with respect to 
the specimen axis,  and unequal width is therefore expected in order to mini- 
mize the net transverse magnetization.    As the field is further increased 
toward saturation,   the less favorably oriented domains (the narrow ones in 
Figure 16) shrink and finally disappear. 

The effect of applying a compressive load to the specimen at zero 
applied field is shown in Figure 17.    As can be seen,   compressive stress 
induces the formation of domains in the easy direction farthest from the 
stress axis,   i.e., at an angle of 55*.    This behavior is theoretically expected 
for iron under compressive stress.    Subsequent attempts to further document 
the effects of stress on the magnetization process in this specimen have 
indicated that the domain patterns are extremely sensitive to residual stresses 
(and {.robablv to the metallurgical condition of the specimen) so that repro- 
ducible icdults are difficult to obtain.    Work is currently in progress to 
better define the effects of metallurgical preparation on the domain patterns. 

Also investigated briefly during the course of the work was a large- 
grain polycrystalline Fe-3% Si specimen.    After surface preparation similar 
to the single crystal specimen,  domain patterns were observed and photo- 
graphed, as illustrated in Figure 18.    Here, of course,  the domains are very 
much smaller than in the single crystal and appear as light and dark irregular 
streaks.    More detailed investigation of the polycrystalline domain patterns 
will be pursued at somewhat higher magnification in the next phase. 

3. 6   Dynamic Photographic Studies 

At this point,  attempts were made to record cinematographically 
dynamical domain processes,  which is the ultimate objective of the magneto- 
optic effort.    However,  although domain dynamics were easily followed 
visually through the eyepiece,   it became clear that the currently available 
light level and inherently high optical attenuation in the magnetooptic experi- 
ment (about 2 X 10"" in our case),  made high-speed,   short-exposure-time 
cinematography impossible.    As has been mentioned previously,  long exposure 
times were generally needed; even with Polaroid 3000 speed film,  exposure 
times of 10 sec were needed at magnifications of 3X.    For film transport 
speeds of 10,000 frames per sec,  which may be needed to resolve temporally 
the rapid B« rkhausen jumps,  an increase in source intensity of several orders 
of magnitude over that presently available to us is required.    Some investi- 
gators have recently employed stroboscopic flashlampt for studies of domain 
dynamics using the Kerr effect,  but have not reported the resolution of 
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Figure 17.    The effect on magnetic 
domains in a 3% Si-Fe single 
crystal caused by a compressive 
stress applied along the specimen 
axis.    From top to bottom,   the 
applied stresses for successive 
frames are approximately: 
0.6 kg/mm2,   1.22 kg/mm2,   1.84 
kg/mm . 

Figure 18.    Magnetic domains observed 
magnetooptically in a large grain 
polycrystalline silicon-iron specimen. 
The domains are visible as light and 
dark streaks. 
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Barkhausen processes. '"• ^°» 2°'   Recently available high-power stroboscopic 
pulsed lasers may provide a satisfactory solution to the source intensity 
problem,  and are being evaluated for this application. 

By reducing the image size to a 16-mm format and using the fastest 
speed movie film available (high-speed recording film developed to an 
exposure index of 5000) i: was possible to make low-speed (16 frames per 
sec) movies of moving domains.    Although the framing speed was too slow to 
resolve the irreversible magnetization processes,  the results served to 
establish the capabilities of the technique and aided in the interpretation of 
the static results.    It is anticipated that,   in the near future,  a light source 
with sufficient intensity for high-speed cinematography will become available. 

3. 7   Dynamic Photometric Studies of Barkhausen Jumps 

An alternate method for studying dynamic domain processes via the 
Kerr effect is to make use of photometric sensors.    As the magnetization of 
the specimen is reversed,  the total intensity of the light beam emerging from 
the polarization analyzer will depend directly upon the net fractional magne- 
tization reversal that has occurred in the portion of the specimen b»ing 
illuminated by the beam. Thus,  the instantaneous bulk magnetization state of 
the specimen can be inferred from a measurement of the beam intensity.    In 
this method,  the reflected light beam is focused and allowed to impinge upon 
the cathode of a photomultiplier tube placed immediately after the analyzer 
prism,   the output of the photomultiplier being connected to an oscilloscope. 
As the magnetic field applied to the specimen is slowly changed,   correspond 
ing magnetization changes are manifested as vertical deflections of the 
oscilloscope trace.    Figure 19a shows z. hysteresis loop of a permalloy thin 
film specimen recorded this way,  and Figure 19b is an expanded sweep of a 
single magnetization reversal of the same thin film,   clearly showing 
Barkhausen jumps.    By making a number of such photographs and measuring 
the sizes of the steps in the oscilloscope trace,   it is possible lo obtain a 
statistical distribution of Barkhausen jump sizes.    This was done for a 
1600-A thick permalloy thin film.    The results of such measurements are 
shown in Figure 20.    Here the integral jump number (which is the number of 
observed jumps equal to or greater than a given size) is plotted as a function 
of the jump size.    The jump size is taken to be the ratio of the individual 
change in magnetization to the total change in magnetization between saturation 
points.    The results are found to be approximately fitted by the empirical 
relation(30) 

— = Aexp(-K(M/MT)1 
NQ 
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NOT 
^PRODUCIBLE 

Figure 19a.    Magnetooptically determined hysteresis loop of a 77* Ni- 
23% Fe permalloy thin film (1600 A thick),   obtained photometrically. 
The vertical axis is proportional to the magnetization of the speci- 
men; the horizontal axis is proportional to the magnetic field applied 
to the specimen (frequency=0. 09 Hz).    Note the evidence of discontin- 
nr>no changes (Barkhausen jumps) in the magnetization. uous 

Figure 19b.    Magnetooptically and photometrically determined Barkhausen 
jumps in one complete reversal of magnetization of the permalloy thin 
film.    Note the variation in magnitude of the jumps. 
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where 

A and K are constants characteristic of the film 

N = number of jumps of size M or greater 

NQ = total number of jumps (of all sizes) 

M = magnetization change in a given Barkhausen jump 

Mf s total saturation magnetization of the specimen region in which 
magnetization changes are observed 

The situation in the case of the Si-Fe single crystal is complicated 
by the complexity of the domain structure and the smallness of jump sizes 
in comparison to that of the thin film.    Figure 21a shows a typical magne- 
tization reversal in the single crystal as observed photometrically.    As is 
evident,  the discontinuous magnetization changes are not so well-defined 
as in the case of the thin fl?m; however,   definite discontinuities in the 
magnetization change can be observed.    Rapid changes in the magnetization 
can be more readily discerned ^    using a high-pass filter at the photomulti- 
plier output,  providing AC coupling to the oscilloscope.    A magnetization 
reversal observed in this way is shown in Figure 21b where the spikes 
correspond to rapid magnetization changes.    The signal-to-noise ratio is 
rather poor due to the small amplitude of the jumps; however,  this problem 
should be ameliorated by resorting to differential amplifier techniques. 
We believe the potential of t    J approach to be substantial,  and are currently 
refining; it for further application to the single crystal and other specimens. 
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NOT REPRODUCIBLE 

Figure 21a.    Magnetooptically and photometrically detected magnetiza- 
tion reversal in a small region of a 3% Si-Fe single crystal.    The 
ordimite is proportional to the net surface magnetization;   the abscissa 
is proportional to the magnetic field applied to the specimen.    Note 
the discontinuous changes in magnetization. 

Figure 21b.   Oscillogram showing the time rate of change of surface 
magnetization of the 3% Si-Fe single crystal specimen as the state 
of magnetization is slowly reversed.    Note the Barkhausen pulses. 
(Low frequencies have been blocked. ) 
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4.    INDUCTIVE COIL EARKHAUSEN EXPERIMENTS 

Apparatus was assembled for conventional specimen-encircling induc- 
tive coil Baikhausen experiments,  and investigations of polycrystalline Fe-Si 
specimens were initiated.    The specimens are cylinders 3-in.  long and 1/4 in. 
in diameter with a raised shoulder on each end to provide a means of gripping 
the specimen for the application of stress.    Adapters were constructed of 
nonmagnetic materials and used to connect the specimen to the chucks of the 
nonmagnetic stressing fixture.    The overall design allows the application of 
both tensile and compressive stress and easy changeover of specimens.    A 
specimen with the adapters attached is showr in Figure 22.    An available 
solenoid suitable for the magnetizing field was modified to provide a large 
enough bore for the specimen and adapters.    The solenoid comprises 8100 
turns of No.   18 copper wire,  and provides a field of 380 Oe/amp at the center 
of the bore.    The programmable power supply and signal generator used in 
the magnetooptic work provides the magnetizing current. 

Figure 22.    Cylindrical polycrystalline silicon-iron 
specimen and adapters for application of stress. 

A variety of search coils for the detection of Barkhausen signals have 
been fabricated.    Some were wound on phenolic tubes containing the specimen 
and others were wound directly on the specimen to provide closer inductive 
coupling. 

The signals induced in the search coil were amplified with a Tektronix 
Type 1A7A high-gain differential plug-in amplifier and displayed on an oscillo- 
scope.    Figure 23a is a photograph of the Barkhausen noise induced in a 200- 
turn coil wound directly on tne s^cimen during a complete traversal of the 
hysteresis loop.    Figure 23b is an expanded trace of one of the noise bursts. 
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Figure 23a.    Barkhausen noise induced in a specimen encircling 200 
turn search coil during a traversal of the hysteresis loop.    The 
specimen is a 1/4-in. -diameter rod of polycrystalline,   3% Si-Fe. 
The vertical sensitivity is 50 |iv/cm and the horizontal time scale 
is about 5 sec/cm. 

Figure 23b.    Expended time scale of a single burst of Barkhausen 
noise in a 3% Si-Fe polycrystalline specimen 1/4 in. in diame- 
ter.    The vertical sensitivity is 100 |iv/cm and the I.-^izontal 
time srale is 0. 2 sec/cm. 
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A major difficulty encountered was the presence of strong interference 
from power lines,  lighting fixtures,   etc.    Although use of the differential 
input to fhe plug-in amplifier greatly ameliorated this situation,  i'. became 
apparent that a separate preamplifier was in order.    Since the desired sienals 
are in the microvolt range,   and have spectral content into the MHz range'-*1', 
a  low-noise,   wide-band preamplifier   is   required.     The  preamplifiers 
presently available are marginal in terms of their noise figure,   and possible 
alternatives are being investigated. 

Inductive coil Barkhausen jump detection and characterization will 
be intensively pursued in Phase III of this program. 
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5.    CONCLUSIONS 

5. ]   Summary of Results 

The major effort expended during Phase II was devoted to establishing 
a capability for the study of magnetization processes by the longitudinal Kerr 
magnetooptic effect.    Mastery of the experimental technique absorbed more 
time than originally anticipated,   but the final results,   in terms of a better 
understanding of the role of magnetoelastic interactions in stress measure- 
ments in magnetic materials,   are deemed to be worth the effort. 

In addition to the magnetooptic work,   inductive coil Barkhausen 
experiments were initiated on various polycrystalline specimens of silicon- 
iron and steel.    Although results at this time are sparse,   instrumentation 
requirements have been clarified,   and a variety of experiments have been 
designed for execution during the Phase III. 

The results realized during Phase II can be summarized as follows: 

(1) A theoretical framework was developed to aid in the analysis of 
experimental data on the effects of stress on domain structures 
and magnetization processes.    An attempt was made to clarify 
and unify existing theoretical approaches in a way adapted to the 
particular circumstance prevailing in the work reported herein. 

(2) A magnetooptic facility was constructed for the observaticn and 
study of magnetic domains,  and the experimental method mastered. 

(3) Techniques were developed for the prep&ration of surfaces on bulk 
silicon-iron suitable for magnetooptical observation of magnetic 
domains with good contrast. 

(4) Fixturing was designed and constructed for the simultaneous 
application of magnetic field and mechanical stress to a rectangu- 
lar,   single-crystal specimen.    Use was made of the nonmagnetic 
stressing machine constructed during Phase I. 

(5) Static photographic records were made of the effect of applied 
magnetic field and mechanical stress on the domain patterns on 
a (100)   surface of a 3% Si-Fe single crystal specimen.    In gene- 
ral,  the gross features of the patterns can be explained in terms 
of existing theories of magnetization.    By usinp an expanded 
laser beam,   domain patterns were observed over the entire 
1 cm X 3 cm  (100)   surface of the specimen and 90* Bloch walls as 
well as 180* walls were clearly resolved.    Application of compressive 
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stress forced the magnetisation to align in domains in the mag- 
netically "easy" direction farthest from the stress axis.    Magne- 
tization of the specimen then proceeds largely by domain nuclea- 
tion affording a possible explanation for the empirical observa- 
tion of decreased Barkhausen activity under compressive loading, 
as reported in the Phase T Final Report. 

(6) Domain dynamics were studied cinematographically.     Although 
the available laser light source was not of sufficient intensity for 
high-speed studies,   low-speed movieT (16 frames per sec) were 
successfully made of the influence of compressive stress on the 
magnetization process. 

(7) Dynamic magnetization processes were studied photometrically 
by the Kerr magnetooptic effect.     Barkhausen jumps were observed 
photometrically during magnetization reversals of a permalloy 
thin film,   and measurements made to determine the integral 
jump size distribution. 

(8) Apparatus was set up for specimen-encircling inductive coil 
Barkhausen experiments,   and preliminary experiments were 
conducted on cylindrical polycrystalline silicon-iron specimens. 

5. 2   Plans for Phase III Effoi t 

With the establishment of a solid magnetooptic capability and the 
promising initial results so far obtained,   our magnetooptic effort is now in 
a position to provide some of the hoped for information needed to clarify 
certain little-understood aspects of the Barkhausen effect (such as the impor- 
tance of negative magnetization changes).    However,  with the magnetooptic 
work now at a more routine data taking stage,   it is ant'    pated that a consi- 
derably larger percentage of time will be devoted to the inductive coil experi- 
ments.    Preliminary results in this area have defined and clarified a lack of 
certain instrumentation needed (e.g. ,   a low-noise,   broad-band preamplifier) 
for successful performance of the experiments.    Steps have been taken to 
alleviate this situation.    In addition,   the recent acquisition of a major instru- 
mentation component (a pulse height analyzer) has given us the capability of 
doing somewhat more sophifticated experiments than originally intended. 
Figure 24 shows a sketch of the experimental arrangement to be used in the 
inductive coil Barkhausen experiments.    Use of the pulse height analyzer will 
allow the Barkhausen pulses to be sorted and stored according to amplitude 
as the hysteresis loop is traversed.     Thus,   the distribution of jump sizes 
along the loop is readily obtained and can be examined under various metal- 
lurgical and stressed conditions in polycrystalline specimens. 

Availability of the pulse height analyzer also opens doors to more 
sophisticated magnetooptic   experiments.     Experiments   are planned which 
make use of the pulse height analyzer in photometr-c studies of Barkhausen 
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jumps in the silicon-iron single crystal.    Figure 25 shows a sketch of the 
experimental arrangement.     The beam reflected off the surface of the 
specimen is split and passed through separate polarization analyzers and 
to separate photomultipliers.    The analyzers are rotated equal amounts but 
in opposite directions from the ordinary reflectance plane,   and the outputs 
of the photomultipliers are fed to a differential amplifier.    The result is 
that common mode noise will be cancelled out,   whereas the Kerr effect light- 
intensity changes will be additive.    By using high-pass filters or a differentia- 
ting system,   the abrupt,   rapid changes (Barkhausen jumps) show up as pulses 
which can be sorted and counted by the pulse height analyzer.     This provides 
another method for investigating domain dynamics by the magnetooptic effect 
and for correlating these observations with Barkhausen signals. 

In regard to photographic analysis of domain dynamics, steps have 
been taken to aquire a recently available stroboscopic burst laser which will 
enable high-speed cinematographic studies to be made. The laser is capable 
of firing a burs* of pulses at a rate of 6000 pulses/sec with a peak pulsfe power 
of about 4 watt'i. Various measurements and our initial attempts with lower- 
speed movies have indicated that the conditions available with thr burst laser 
will be sufficient for high-speed cinematographic studies. 

Other investigations planned include depth-discrimination experiments 
using the inductive coil arrangement and magnetooptic  studies of polycrystalline 
specimens. 
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